. Effects of insulin on total RNA, poly(A)+ RNA, and mRNA in primary cultures of rat hepatocytes. Am. J. Physiol. 263 (Endocrinol.
Metab. 26): Ell06-Elll2,1992.-The purpose of this study was to examine mechanisms involved in the regulation of protein synthesis in primary cultures of rat hepatocytes. Hepatocytes were maintained in a chemically defined serum-free medium in the presence or absence of insulin. The rate of protein synthesis in hepatocytes deprived of insulin between days 2 and 5 of culture was reduced to 67% of the rate observed in insulin-maintained controls. The decrease in protein synthetic rate was accompanied by a proportional fall in the content of both total RNA and poly(A)+ RNA, suggesting that the capacity for protein synthesis was reduced in the absence of insulin. Both total RNA and poly(A)+ RNA contents and the protein synthetic rate were returned to control values after 3 days of insulin resupplementation. In addition, the effect of insulin on the expression of specific mRNAs was assessed by in vitro translation of total RNA followed by two-dimensional gel analysis of radiolabeled translation products. Only 13 of the greater than 150 spots discernible on the two-dimensional gels were altered in response to insulin. The mRNAs that were altered include examples of repression and stimulation of expression in response to insulin deprivation. Thus, in isolated rat hepatocytes, insulin regulates the capacity of both overall protein synthesis as well as the capacity for the synthesis of specific proteins. ribonucleic acid; deoxyribonucleic acid; serum-free medium; two-dimensional gel electrophoresis THE IMPORTANCE OF insulin in regulating the rate of protein synthesis in liver has been demonstrated by numerous studies describing the inhibition of protein synthesis that occurs in liver during diabetes and the corresponding increase in hepatic protein synthesis observed after insulin treatment of diabetic animals (reviewed in Ref. 11) . Furthermore, the rate of protein synthesis is reduced in isolated perfused livers from diabetic rats (22) . Addition of insulin to the perfusion medium stimulates protein synthesis in livers of mildly diabetic rats but has no effect on the rate of synthesis in livers from more severely diabetic animals (22). Also, treatment of diabetic rats with insulin restores protein synthesis to control levels (12) . The inhibition of hepatic protein synthesis associated with diabetes involves the synthesis of proteins both retained within the liver as well as those secreted into the circulation (12) .
In addition to its effects on overall protein synthesis, insulin also regulates the synthesis of specific proteins in liver (reviewed in Ref. 20) . Both positive and negative regulation of the synthesis of particular proteins has been described (20). Examples of proteins that are positively regulated in liver by insulin include glucokinase, pyruvate kinase, and glyceraldehyde-3-phosphate dehydrogenase. In contrast, insulin inhibits the expression of phosphoenolpyruvate carboxykinase.
In each of these cases, regulation of the expression of the protein by insulin involves changes in the amount of mRNA coding for that particular protein (20) .
In the present study, we have examined the regulation by insulin of protein synthesis in primary cultures of rat hepatocytes. In particular, the effect of insulin on total RNA and poly(A)+ RNA content was examined. Furthermore, changes in total RNA content were correlated with modulation of the rate of protein synthesis in response to insulin deprivation and resupplementation. Finally, in vitro translation of isolated total RNA followed by analysis of the translation products by twodimensional gel electrophoresis and fluorography was used to assess changes in the expression of specific mRNAs in response to insulin.
EXPERIMENTALPROCEDURES

Materials.
Radioactive compounds ( [3H]uridylic acid and [ 35S]methionine) were purchased from Amersham. Ampholytes were from LKB. Collagenase (type 1A) was from either Sigma or Worthington. Hoechst dye 33258 was from CalbiochemBehring. Oligo dT-cellulose (type 7) was from Pharmacia, and insulin (protamine-zinc) and glucagon (crystalline) were from Eli Lilly. Polyadenylic acid and the chemicals used to prepare the chemically defined medium used for cell culture were purchased from Sigma. Preparation of hepatocytes. Hepatocytes were obtained from livers of rats perfused aseptically by the method described previously (5). After isolation, the cells were washed as described (5) with an additional centrifugation through Percoll, as described by Kreamer et al. (17) ; to separate viable from nonviable hepatocytes. The cells were placed and maintained in culture in serum-free chemically defined medium as previously described (5, 19) with the following modification. Before use, culture dishes (60 mm) were coated with collagen by applying to each dish 1 ml of a solution of 0.25% (wt/vol) rat tail collagen in 0.1% (vol/vol) acetic acid. The dishes were placed in a laminar flow hood and left overnight to dry. The dishes were then exposed to ultraviolet light for 30 min, washed two times with cold phosphate-buffered saline, 4 ml of medium were added, and the dishes were placed in an incubator at 37°C. After l-2 h of equilibration at 37"C, 2.7 x lo6 cells were plated on each dish, and the cultures were maintained exactly as described (19).
Isolation and quantitation
of total RNA and poly(A)+ RNA.
Total RNA was extracted from cells harvested from 5-10 culture dishes using a modification (5) of the method described by Chirgwin et al. (3) . The final sample was dissolved in sterile water at a concentration of l-2 mg/ml and stored at -70°C. The ratio of absorbance at 260 nm to that at 280 nm of the final solution was 2.0-2.2. The amount of poly(A)+ RNA present in the samples of total RNA was determined by a modification (14) of the method described by Zahringer et al. (31) . Briefly, [3H]poly(U) was hybridized to each sample of total RNA in parallel with known amounts of a loo-base poly(A) standard. Single-stranded RNA
INSULIN-INDUCED CHANGES IN RNA IN RAT HEPATOCYTES
El107 was then digested with ribonuclease, and the resulting doublestranded RNA was collected on a nitrocellulose filter. The filter was dissolved in 10 ml Filtron X scintillation cocktail (National Diagnostics), and the radioactivity in the sample was measured in a Beckman LS-3801 scintillation counter. The concentration of poly(A) was then converted to total RNA using the previously established value of 4.3% as the amount of mRNA that is POlY(A) (3% Determination of poly (A) length. The average length of poly(A) in poly(A)+ RNA was determined as described by Rosen and Monahan (24) . Briefly, poly(A)+ RNA was isolated from total RNA by chromatography on oligo dT-cellulose (26). Poly(A)+ RNA (40 pg) was then digested at 37°C for 1 h with 2 U ribonuclease T, and 6 U ribonuclease A in a total volume of 50 ~1 of solution consisting of (in mM) 20 tris(hydroxymethyl)-aminomethane. HCl, pH 7.6, 2 EDTA, and 300 NaCl. The reaction was stopped by placing the tubes on ice, and the degradation products were resolved by polyacrylamide gel electrophoresis. After electrophoresis, the gel was sliced into 3-mm pieces, and RNA was extracted from the slices by grinding the gel slices in 100 ~1 of 0.3 M NaCl followed by overnight incubation at 4°C. Gel slices containing poly(A) were determined by hybridization of the extracted RNA to [3H]poly(U), as described above. The length of poly(A) was estimated by comparison to poly(A) standards of known length electrophoresed in parallel with the samples.
Measurement
of rates of protein synthesis in primary cultures of rat hepatocytes. Before the start of an experiment, the culture medium was changed to medium containing 2.5 mM leucine, and the cells were incubated for 1 h at 37°C. At that time, 50 ~1
[3H]leucine (50 &i) were added to each plate of cells, and incubation at 37°C was continued for 20 min. These conditions permit the measurement of synthesis of total protein, i.e., newly synthesized secretory protein as well as retained protein (4). The cells were then washed three times with ice-cold phosphate-buffered saline, and the cells were harvested by scraping in 0.5 ml phosphate-buffered saline containing 0.5% Triton X-100. Each plate was then washed three times with 0.25 ml of the same buffer, and the washes were combined with the original sample. The extracts from two plates of cells were combined, and the samples were stored at -70°C. The incorporation of [3H]leucine into protein was determined by a slight modifi- Group A cells (0) were maintained in medium containing insulin throughout experiment, group B cells (w) were deprived of insulin from day 2 onward, and group C cells (0) were deprived of insulin between days 2 and 5 but were returned to insulincontaining medium on day 5. RNA and DNA content were measured as describedunder EXPERIMENTAL PROCEDURES. cation (16) of the method previously described (4). Briefly, cells were lysed by the addition of Triton X-100 and sodium deoxycholate (final concn of 1% each) followed by vigorous vortexing. Aliquots (25 ~1) of the homogenate were spotted onto 24-mm filter disks (Whatman 540), and the filters were immediately placed in ice-cold 10% trichloroacetic acid. The filters were washed as described previously (16). Finally, protein was solubilized from the filters using Protosol (Du Pont-New England Nuclear) and Econofluor (National Diagnostics) before counting in a Beckman LS-3801 scintillation counter. It was previously established that the specific radioactivity of leucine bound to leucyl-tRNA was the same as the specific radioactivity of leucine in the medium under conditions similar to those used in the present experiment (6).
Isolation of ribosomal subunits on sucrose density gradients.
Ribosomal subunits were isolated by sucrose density gradient centrifugation essentially as described by Flaim et al. (6) . Briefly, hepatocytes were harvested by the addition of collagenase to the culture medium to a final concentration of 1 mg/ml and subsequent incubation at 37°C for 10 min. The cells were then washed three times with ice-cold phosphate-buffered saline, and the final cell pellet was resuspended in 500 ~1 of a solution consisting of (in mM) 25 N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES), pH 7.5, 250 KCI, 1 magnesium acetate, 1 dithiothreitol, 250 sucrose, and 0.1 EDTA. The hepatocytes were then homogenized using a motor-driven glasson-glass homogenizer, and the homogenate was centrifuged at 10,000 g for 10 min at 4°C. The supernatant was made 1% in Triton X-100 and deoxycholate, and 400 ~1 of sample were layered onto 25-68% exponential sucrose gradients made up in buffer containing (in mM) 25 HEPES, pH 7.5, 250 KCl, 1 Day of Culture Fig. 3 . Effect of insulin on rate of protein synthesis in hepatocytes in primary culture. Conditions for these experiments were as described in legend to Fig. 1 . Rate of protein synthesis was determined by incorporation of [3H]leucine into total protein. Media was changed 1 h before start of experiment to media containing 2.5 mM leucine.
[3H]leucine (5 Ci/mol; 50 &i/plate) was then added to media on plates, and plates were returned to incubator for 20 min. Under these conditions, synthesis of both secreted and retained proteins is measured because newly synthesized secretory proteins are not exported during 20-min labeling period (4). After labeling, plates were washed 3 times with ice-cold phosphate-buffered saline, and cells were harvested by scraping. Samples were stored frozen at -70°C until assayed for incorporation of [3H]leucine into protein (16) . RNA and DNA analyses were performed on same samples as were used to measure protein synthesis and as described under EXPERIMENTAL PROCEDURES. dithiothreitol, 0.1 EDTA, and 2 magnesium acetate. The gradients were then centrifuged at 35,000 revolutions/min in an SW41 rotor (Beckman Instruments) for 20 h at 4°C. Absorbance at 254 nm of the gradients was monitored, and fractions were collected using a density gradient fractionator (Instrument Specialties, Lincoln, NE).
RNA translation, two-dimensional gel electrophoresis, and radiolabeled protein quantitation.
RNA was translated in a RNAdependent reticulocyte lysate (Bethesda Research Laboratory), which had been optimized for potassium, spermidine, and RNA, using [ 35S]methionine (~1,000 Ci/mol) to radiolabel translation products. Before translation, RNA was heated to 65°C for 10 min and then rapidly cooled on ice. Translation reactions were performed in a total assay volume of 30 ~1 for 60 min at 30°C. An aliquot (5 ~1) of the reaction mixture was used to determine the amount of [35S]methionine incorporated into protein, as described previously (14). Two-dimensional gel electrophoresis was performed on equivalent amounts (200,000 counts/min) of sample by a slight modification of the procedure described previously (14). The two modifications include using a 6.2% rather than a 5.2% polyacrylamide gel in the first dimension and electrofocusing for 18,000 rather than 11,000 V l h. The final gels were stained with 2 Day of Culture 4 Fig. 4 . Effect of insulin on number of free ribosomal subunits isolated on sucrose density gradients. Hepatocytes were maintained in primary culture in medium containing insulin (open bars) for either 2 or 4 days. Alternatively, cells were deprived of insulin for 2 h on day 2 (hatched bar) or between days 2 and 4 (filled bar). Cells were homogenized, and ribosomal subunits were isolated by sucrose density gradient centrifugation, as described under EXPERIMENTAL PROCEDURES.
RNA content of fractions containing 40 S and 60 S ribosomal subunits was measured as described under EXPERIMENTAL PROCEDURES and are expressed as percentage of total RNA present in 10,000 g supernatant that was applied to sucrose density gradients. Results represent means t SE of 4-6 determinations in each group.
Coomassie Blue R-250, destained, and subjected to fluorography, as described by Kent et al. (14) . Fluorograms were scanned with a BioMolecular Dynamics laser scanner connected to a Sun 386i/150 workstation, and the results were analyzed using PDQuest I and II software (Protein Database) as previously described (14).
Other analytical procedures. RNA was determined by alkaline hydrolysis (7) and DNA by the procedure of Labarca and Paigen (18) Statistics. The data are expressed as means t SE and compared with the appropriate controls using Student's t test. P values ~0.05 were considered significant.
RESULTS
The effect of insulin on the content of total RNA in primary cultures of rat hepatocytes is illustrated in Fig. 1 . Cells were maintained in culture for various periods of time in the presence or absence of insulin, and RNA and DNA measurements were made after combining two dishes of cells per sample at each time point (samples were in triplicate).
The RNA-to-DNA ratio did not change in the cells maintained with insulin over the period from day 2 to day 8 in culture (these cells will be referred to as group A) and was similar to the value (1.8 pg RNA/hg DNA) previously reported for freshly isolated hepatocytes (4). In contrast, depriving the cells of insulin for 3 days resulted in a reduction in RNA content to 63% of the control value (insulin-deprived cells will be referred to as group B). Extending the period of insulin deprivation to 6 days did not further influence the RNA-to-DNA ratio. Insulin addition to cells deprived of insulin for 3 days resulted in a return of the RNA-to-DNA ratio to the control value within 3 days (these cells will be referred to as group C).
The amount of poly(A)+ RNA in isolated hepatocytes, calculated as a function of total RNA, was measured using the technique of Zahringer et al. (31) in which known quantities of total RNA and a 100-base poly(A) standard The accuracy of this method is dependent upon the samples being compared having, on average, the same length poly(A) tails. Therefore, the average length of poly(A) in the RNA samples was determined as described under EXPERIMENTAL PRO-CEDURES. The average poly(A) length in poly(A)+ RNA isolated from group A cells [66 + 5 nucleotides (nt)] was not significantly different than that in cells from group B (70 + 5 nt). The data shown in Fig. 2A demonstrate that insulin had no effect on the proportion of total RNA present as poly(A)+ RNA in isolated hepatocytes. However, since the content of total RNA decreased during insulin deprivation, the content of poly(A)+ RNA, calculated on the basis of DNA content, decreased in insulindeprived hepatocytes (Fig. 2B) . Also, insulin restored poly(A)+ RNA content to control values within 3 days of insulin addition to insulin-deprived cells. Because ribosomal RNA represents 85% of total RNA (30), a reduction in total RNA to 63% of the control value in insulin-deprived hepatocytes (Fig. 1) should result in a decrease in the number of ribosomes and thus the capacity for protein synthesis. To ascertain whether or not this was the case, the rate of protein synthesis was measured in hepatocytes maintained in insulin-containing medium for 2 or 5 days and in hepatocytes deprived of insulin between days 2 and 5. The rate of protein synthesis in insulin-deprived cells was reduced to 67% (P < 0.05) of the rate observed in hepatocytes maintained in insulincontaining medium (Fig. 3A) . However, if the rate of protein synthesis was expressed relative to the RNA content of the cells, no significant difference was observed between the two conditions (Fig. 3B) . These results indicate that the capacity for protein synthesis was reduced in insulin-deprived hepatocytes compared with cells maintained in insulin-containing medium. A change in the efficiency of protein synthesis typically leads to an alteration in the cellular content of free ribosomal subunits. For example, if the rate of initiation of protein synthesis is slowed relative to elongation, then polysomes become disaggregated, and the content of free ribosomal subunits increases. In contrast, an inhibition of elongation relative to initiation would result in a decrease in free ribosomal subunits. However, insulin had no effect on the content of free ribosomal subunits in primary cultures of rat hepatocytes (Fig. 4) . Therefore, the inhibition of protein synthesis that was observed in hepatocytes deprived of insulin was probably entirely due to a decrease in the capacity for protein synthesis with no change in efficiency.
To assess changes in specific mRNAs occurring in isolated hepatocytes, total RNA was isolated from cells identified as groups A, B, and C. The RNA was translated in a messenger-dependent in vitro translation system, and [35S]methionine-labeled translation products were separated by two-dimensional gel electrophoresis, visualized by fluorography, and individual spots quantitated by densitometry. Of the ~150 spots discernable on each fluorogram, only 13 appeared to be differentially altered in response to insulin. The pattern of change in intensity of the 13 spots could be classified into one of two categories. Six spots, representing the two patterns of change, were circled and numbered in a separate key (Fig. 5) . The first Fig. 5 . Effect of insulin on expression of mRNA isolated from primary cultures of rat hepatocytes. Total RNA was extracted from primary hepatocytes and translated in messenger-dependent in vitro translation system. Translation products were analyzed by two-dimensional gel electrophoresis. Gels were then treated for fluorography, dried, and exposed to X-ray film for 3 wk, as describedunder EXPERIMENTAL PROCEDURES.
Photographs of fluorograms are shown. Translation products demonstrating major changes are circled in each panel and are identified by numbers in key. Group A cells were harvested on day 5 (A), group B cells were harvested on either day 5 (B) or day 8 (D), and group C cells were harvested on day 8 (C). pattern of change, represented by spots 3601, 4502, 5205, RNA content. In perfused skeletal muscle preparations, and 7101, showed a decrease after insulin deprivation of insulin causes an increase in the binding of [ 35S] methionisolated hepatocytes (Fig. 6) . A majority of the spots (11 ine to 43s preinitiation complexes (13). Furthermore, inof the 13 spots) exhibiting changes in response to insulin sulin treatment of diabetic rats causes an increase in followed this pattern. In contrast, the second pattern, an eukaryotic-initiation factor (eIF) -2p activity measured in increase in intensity in response to insulin deprivation, muscle extracts (15). Together, these results suggest that was only observed for two spots, 5301 and 5302. It should the primary effect of insulin on the efficiency of protein be noted that the 150 spots discernable on the fluorosynthesis in skeletal muscle occurs through a mechanism grams (Fig. 5) represent only a fraction of the total numinvolving the initiation factor(s) eIF-2 and/or eIF-2B. ber of proteins present in hepatocytes. Proteins with iso-Whether or not a similar mechanism is involved in the electric points outside of the range of the pH gradient or inhibition of the efficiency of protein synthesis in other molecular weights larger or smaller than resolved by the tissues is unknown. However, it has been shown that gels used in these experiments would not have been insulin treatment of isolated adipocytes results in an indetected. In addition, proteins with low-abundance mRNAs, with mRNAs that are inefficiently translated in crease in the aggregation of polysomes (29), and we have reticulocyte lysate, or whose expression in response to observed an increase in the aggregation of polysomes in insulin treatment or deprivation was only transient would livers from insulin-treated diabetic rats (unpublished obnot have been detected in these experiments. Therefore, servations). An increase in the state of aggregation of the 13 spots that were observed to change in response to polysomes suggests that the initiation of protein syntheinsulin in isolated hepatocytes in these experiments probsis is stimulated relative to elongation (25).
ably represent only a portion of the total number of pro-
The second effect of insulin on protein synthesis inteins that can respond to insulin in these cells. volves a stimulation of the capacity for protein synthesis (reviewed in Ref. 11 ). An increase in the capacity for DISCUSSION protein synthesis could, in theory, involve an increase in the amount of any component of the translational appaInsulin has been shown to stimulate protein synthesis ratus, including initiation and elongation factors, riboin a wide variety of insulin-responsive tissues, including somes, individual mRNAs, aminoacyl-tRNA synthetases, liver, skeletal muscle, heart, and fat (reviewed in Ref. 11). ATP, and GTP. Tissue RNA content decreases signifiThe effect of insulin on protein synthesis in most tissues cantly during diabetes in liver (1,12), skeletal muscle (l), appears to be twofold. The initial effect is a stimulation of and heart (1). Because the majority of RNA in liver is the efficiency of translation, i.e., an increase in the rate of ribosomal, these results suggest that the content of riboprotein synthesis without an accompanying change in somes is decreased by insulin deprivation. Indeed, the accumulation of ribosomes is severely impaired in both gastrocnemius and heart from diabetic animals (1). In part, the fall in content of ribosomes in muscle during diabetes is due to an increase in the degradation of ribosomal proteins, and presumably ribosomes, relative to total tissue protein (1). In addition, in mouse myoblasts, insulin stimulates the translation of ribosomal protein mRNAs and the transcription of ribosomal DNA (9). Furthermore, insulin stimulates the expression of other mRNAs in liver (20) and skeletal muscle (14) . Therefore, insulin regulates the capacity for protein synthesis through changes in both the amount of particular mRNAs as well as the number of ribosomes.
In the present study, the capacity for protein synthesis in primary cultures of isolated hepatocytes was decreased by insulin deprivation. The decrease involved a reduction in both total RNA and poly(A)+ RNA contents. Insulin treatment of insulin-deprived cells resulted in a concomitant increase in both total and poly(A)+ RNA contents. The similarities in response of total RNA, which presumably reflects ribosomal RNA, and poly(A)+ RNA to insulin stimulation and deprivation suggest that similar mechanisms are involved in bringing about the alterations in these two parameters. Similar conclusions were reached in studies examining the effect of insulin on protein synthesis in gastrocnemius (14) . The basis for the lack of effect of insulin on the efficiency of protein synthesis in primary cultures of hepatocytes is unknown. However, glucocorticoids have been shown to regulate efficiency in skeletal muscle and heart (23). Therefore, the presence of 0.1 PM dexamethasone in the culture medium in the present study may have masked any effect of insulin on the efficiency of protein synthesis in these cells.
The changes that have been observed in the present study in the translational activities of a few mRNAs complement recent studies on insulin-induced transcriptional changes in skeletal (14) and cardiac muscles (2). As in those studies, we have found that insulin both increases and decreases the expression of specific mRNAs. However, in the other studies, insulin treatment of diabetic animals was used as an experimental model. During diabetes, the plasma concentrations of a number of hormones are altered. Thus a number of protein products were altered similarly by both insulin and other hormones, such as 3,5,3'-triiodothyronine, in heart (2). In the present study, isolated hepatocytes were maintained in serum-free medium containing defined concentrations of hormones. Therefore, the specific effect of insulin on mRNA expression could be examined. It should be noted that the use of in vitro translational assays to indirectly quantitate specific changes in gene expression must be interpreted with caution since the expression of some mRNAs is known to be translationally regulated in vivo. However, the expression of a number of proteins, as assessed by translational assay of isolated RNA (10,21,28), has been verified using cDNA probes for the same mRNAs (8, 27) .
In summary, we have shown that protein synthesis is inhibited in primary cultures of rat hepatocytes deprived of insulin and that insulin treatment of deprived cells completely restores the rate of protein synthesis to control levels. The basis for the inhibition of overall protein synthesis involves a decrease in capacity, with both total and poly(A)+ RNA content reduced by insulin deprivation. Finally, hepatocytes exhibit insulin-induced alterations in the transcriptional activities of specific genes that demonstrate patterns of either repression or increased expression in response to insulin administration.
